A detailed but phenomenological analysis is made in estimating the contrilmtion of the single-particle excitations to the integrated cross sections To complement the above phenomenological analysis, somewhat more basic considerations of tl1e mechanism of the direct interactions are made, using the T-matrix formalism. Discussions are given concerning the way how to describe the collective excitation in the inelastic scattering process as a superposition of single-particl~_; excitations, in accordance with other authors, ancl also concerning the reason why the excitation of the collective states is expected to be small in the transmutation reactions. § 1. Introduction
To complement the above phenomenological analysis, somewhat more basic considerations of tl1e mechanism of the direct interactions are made, using the T-matrix formalism. Discussions are given concerning the way how to describe the collective excitation in the inelastic scattering process as a superposition of single-particl~_; excitations, in accordance with other authors, ancl also concerning the reason why the excitation of the collective states is expected to be small in the transmutation reactions. § 1. Introduction The bumps observed in the energy spectra of the protons,IH> deuterons 4 >, 5 > and a-particles the excitations of the collective states, could be caused primarily by the collision of the incident particle with the individual nucleons in the target nucleus, and that, in spite of the large difference between the magnitudes of the cross sections of the excitation of the collective and the single-particle states, these two arc the same kind of process.
It would then be expected tbat the integrated cross sections of the (j>, n) and the (jJ, p') reactions are of the same order of magnitudes, because they are caused, respectively, by the p-n and the jJ-p collisions.* Experimentally, however, as was pointed out by Cohen,
10
J it is known that .\'a-( f>, n) dE< 1 a-(j>, t)') dE (1) where the left-hand side means the cross section of the (jJ, n) reaction, integrated over an appropriate energy range, while the right-hand side is the corresponding one of the ( f~, j/) reac1ion. Thus Cohen considered that the excitations of the collective and the single-particle states are phenomena completely different from each other. This is a view which is just opposite to that given in the preceding paragraph. Several people considered the way to remove tbis apparent contradiction between these two views, by flncling out the reason why the cross section for the collision of the incident r>roton with neutron in the target nucleus is so much smaller than that for its collision with protons. Thus l-IintzHl considers that the Coulomb interaction helps in incre~1sing the cross section for the (j>-j>') process, while Bn)wn 1 ") suggests that the (j>cj>') process can he increased by a factor of four over that of the (j>-n) process, because of the antisymmetrization. Finally, \Veisskop[ 10 J suggests the possibility of the weakening of the effective p-n interaction inside the nuclear matter.
Eased on these speculations casting doubt on the above-mentioned Cohen's interpretation, Eisberg 17 J argued that it is not necessary to believe that the single-particle and the collective excitations are two completely different phenomena involved in direct interactions. It is our opinion that Eisberg's view is more natural to be accepted than Cohen's. We consider, however, that although the above speculations of Hintz, Brown and \Veisskopf taken by Eisberg as the basis of his argument might be correct to some extent, they are not the whole reason to explain the experimental fact g1ven by (1) . The relation (1) could rather be explained in a more natural way by looking at the experimentaL materials somewhat more carefully, and to ·show ·the possibility is the main purpose of the present paper. r-<'or this purpose we evaluate in § 2 the absolute magnitude of the cross section of the processes * In fact (p-n) collision also contributes to (jJ, j/) reaction. Thus, as was noticed by Cohen ,IOl the ratio of the integrated cross sections of ( p, j/) ancl (1J, n) reactions would be about twice as large, In accomplishing our aim to give support to the view that every direct interaction is primarily caused hy tbe particle-particle interaction, the first thing we have to know is tbe absolute magnitude of the cross sections of the processes which proceed througll the collision of the incident nucleon with only one nucleon in the target nucleus. It is very clifflcult to know this magnitude solely from theoretical considerations, even when we have knowledge of the free nucleon-nucleon interaction. Thus the best way would perhaps be to look at the experimental data concerning the process in which the initial state of the target nucleus and the final state of the residual nucleus can both be considered as pure single-particle states with high accuracy.
For simplicity let us denote these cross sections as () 1~! !_ 1 , and () 1~! !_m the superfix .'l"jJ meaning that·· they are cross sections of the single-particle process. Unfortunately, to our knowledge, there exist no data on the (/>, n) reaction which supply us with information on o-;;!!_m perhaps because of experimental difficulties. It is possible, however, to get information on () 1 ·?~n, if one looks at 1he clata for the inelastic scattering of protons by a nucleus, in which 'both the initial and tbe final states of the lattet are pure single-neutron states. Similarly, information on o-1~1 !.. 1 , could be obtained from the corresponding data which involve pure single-proton states.
It is unfortunate that even the amount of this kind of data is quite limited. The data which we are going to use are those obtained by Cohen and Rubin, Tables 1--a and 1-b. ln both of these tables the first column gives the excitation energy and the second column gives the possible assignment of the relevant single-particle states. The third column gives the differential cross sections of the excitation of these states at goo, vvhich are obtained in the following way. \Ve first subtract, from the experimental excitation curve given at goo, the back ground due to the tail of the elastic scattering, this back ground being assumed as known from the experimental data of the Pb 208 (jJ, p') Pb 208 * reaction.
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Then, by graphical integration over the spread of the energy, we get the magnitude of the excitation of each state in arbitrary units. Similar quantities can be obtained at goo and 60° for the excitation of the 3-collective state at 2.6 Mev, and, particularly at 60°: its absolute magnitude is known. \Ve can thus infer the absolute value of the excitation cross section of the 3-state at goo, and in turn those of the other excited states, by assuming that the angular distributions of the excitation cross sections are the same for all the states. The results are the contents of the column three.
The differential cross section of the excitation of 3-state is given for a wider range of angle, and by numerical integration the total cross section for the excitation of this state is estimated. Then again assuming the similarity of the differential cross section for all the states, the total cross section of the excitation of the other states can be estimated and are given in the fourth column of Table I There exists an alternative way of estimating the magnitude of o-~1,;. Cohen 3 ) gives a diagram in which the magnitudes of the differential cross sections at goo of the excitation of the collective states by the (p, p') reaction are compared with the enhancement factor of the electromagnetic transition probabilities. This diagram is reproduced as Fig. 1 of the present paper and, as is seen, these two quantities are proportional to each other, which means that it is possible to express their relation as It is clear that this proportionality constant C gives just the magnitude of the differential cross section at 90° of the single-particle process, and thus has similar meaning as the contents of the column three (and four) of Table I .
If one neglects in Fig. 1 the data for Z=28,....,30, which give an abnormally large value to C, we get C= 0.03 mb, and thus get ()lt= 1.2mb which is consistent with the value given in (2) .
On the other hand, if one employs only the data for Z=28,__.30, it gives C=0.06 mb and in turn ();;~=2.4 mb, which is twice as large as* the values of (2). Summarizing the results obtained in this alternative way, one gets Case I and a part of it is reproduced in Table II of the present paper. Cohen gave similar data for other targets too, but the nuclei for which the cross sections of both the (jJ, n) and (jJ, jJ T. Tamura 
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of the other nuclei, and thus we limit our consideration to Pb--Bi and Cu. As for Th a discussion is given in ~ 5.
To save the writing, we denote \JIO,ncu: 
Here it is assul.ned that CJvr>'=llO mb for Cu at Ev=31 Mev, 1.e. same as at EP=23 Mev.
In calculating the theoretical ratio of CJPP'/ a-PM it 1s necessary to recollect first how the contents of Table II To evaluate a-'"" we shall assume that the process occurs as a knock-out of a neutron from the target by the incident proton and that the struck neutron must have occupied a definite single-particle orbit, while the proton must jump into a definite unoccupied orbit. As wi 11 be shown in § 4, the collective mode gives no essential contributions to the (/J, ;z) reaction. Therefore a-,m is considered simply as the number of the combinations of taking these possible orbitals, which we denote as Nn-rr" times the average cross section for such a process, i.e. a-,:':.." obtained in ~ 2. Namely we g;ct
On the other hand o-PP' consists of three parts: (i) excitation of a neutron from an orbit to a higher one, (ii) excitation of a proton in the target in the same way and (iii) excitation of the collective states.
Thus denoting as JV"-~" and JVP '" the possible number of combinations of orbitals which, respectively, correspond to the above processes (i) and (ii), we have*
The evaluation of Nn -,.p, etc., is done as follows. \Ve first note that tl1e above limitation of .JE<:::_p, Mev for the (j), n) process is inappropriate, because, although it is true that the binding energy of the neutrons, which could be emitted as the second member in the (j->, 2n) re-* For the validity of the expressions (6) and (7), see the discussion in the Appendix. it is enough to consider only the combination of the orbitals for neutron and proton for which JE<4 1\Aev. T'he corresponding relation in Cu is JE<6 l\1ev.m
The second piece of information we must have is on the spacing of the orbitals, and we assume that the relative posi.tions of the relevant levels are given by the Nilsson modeP 0 J (with ri=O). In obtaining the absolute spacing, however, we utilize more direct experimental evidence and take
For Cu : The last thing we have to know is the pairing energy. This is needed because in some transition a pair has to be broken up and this requires an extra energy in addition to that due to the orbital jump. For nucleons which occupy the topmost orbitals, the pairing energy can be inferred directly from experiments, while that of deep lying nucleons has to be estimated theoretically. \V e follow the argument of Horie and Sasaki For Cu:
T'hus if one inserts (9), (2) and the experimental value:n of o-coucct into (6) and (7), it is found that for Pb a-~;~,,= 54 X 0.8 + 29 X 2.3 + 36 =146mb,
Here (10 · 2) is quite close to the corresponding value of Table II, i.e. 17-21mb, while (10 ·1) is somewhat too large.
In a similar manner, one gets for Cu In this case agmn the theoretical values are somewhat too large.
In obtaining these results (10) and (11), it is assumed that rT;~~n=0.8 mb and rT 7~~" =2.3 mb. It is not certain, however, whether these yalues of u"P should be taken literally or not because of the poor statistics. If it were taken so, a-;;~P is three times as large as rT 1~~" and is in accordance with the previous arguments.
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It should, however, be noted that theoretically the result () PP'/O" pn~ 1 mainly comes from the fact that there c~ntributed three terms to O"PP'' while only one term contributes to () pn as is seen from (6) and (7), and further that a wider range of energy is required for the integration in obtaining 
These values are again somewhat too large compared with experiment, but the ratio O"PP'/ u pn, which is equal to 4.7 and 3.0 respectively for Pb-Bi and Cu, agrees well with the corresponding experimental values which are approximately equal to 6.0 and 3.0.
vVe have thus obtained the results which explain experiments at least qualitatively, but the magnitudes of the cross sections O" PP' and O" pn are in all cases too large. To obtain smaller results, we look at the experimental clata 2 J more carefully and note that in the energy spectrum of the (jY, j/) reaction, the contribution to the integrated cross section increases with increased JE up to, say, L1E=4~5 Mev, but it ceases to increase afterwards and in some cases even begins to decrease. On the other hand the contribution to N,H-11 , etc., defined in § 3, are certainly rapidly increasing functions of JE <:;ncl thus, if 0" 7 ;'"._1' and a-;;~" are assumecl to be inclcpendcnt of JE as is assumed so far, it is clear that the above energy spectrum should keep increasing.
Therefore the fact that the latter does not in fact increase means that ()sp are decreasing functions of JE, and so, if this fact is taken into account properly, this will result in samller integrated cross sections than those given in (1 0), (11) and (12),.
To see how strong the clepenckncc of u"P on JE is, we reproduce in Fig.  2a the energy spectrum of the Pb~0 
)
Here the dotted line is the experimental energy spectrum, while the full line gives its mean energy spectrum (except the excitation of the collective state).
In this ftgure is plotted also the number of the possible combinations of the orbital energies per unit energy, as considered in § 3, at each excitation energy, and the points are connected by a dot-dash line.
By comparing this with the above mean curve, the experimental knowledge on the LlE dependence of ()sp can be obtained and the result is shown in Fig. 2b . (ii) Case I of (4) reaction, if the contribution from the known collective state and the one from the single-particle states obtained in the way described above are added together, and that the contribution of the latter exceeds that of the former, contrary to Cohen's idea that the main part of the contribution comes from various collective states.
* Instead of using the data of Schiffer et al.2 2 l for obtaining the spacings of the singleparticle states, if one uses the spncing of the 3sl/2 and lyo;2 states at A~65 from Fig. 9 of Cohen and Price, 32 -n> one gets hoJ", 11 ,=5 Mev, instead of liole., 1 ,=3.2 Mev of (8) for Cu. By using this new value of hwe 112 , and Case ll of (1), which is more appropriate to use than the Case I of (4) for Cu, we get trm,t= 108mb, rrpn =34mb, which agrees with experiment to the same extent as does (14·2) § 4. Discussion on the magnitudes of various cross sections
In this section we shall give somewhat more basic considerations which will supplement the contents of the preceding sections. One of them concerns the relative magnitudes of the cross sections of the single-particle processes which proceeds, respectively, via elementary jY-jJ and p-n collisions. The other concerns the description of the excitation of the collective states based on the single-particle model.
·1 Re!ati·ue magnitude of (};:1_'_ 7 , and (};?'-,
As was mentioned in the Introduction, there are several arguments which imply that ();?~,, could be much larger than rr;;l_'_,. The considerations given in § 2 and resulted in (2) might seem to support these arguments. It might, nevertheless, be dangerous to take these results too seriously, because the statistics of the experimental values which were employed there are quite poor. \Ve shall thus give a brief consideration in this section, based on the T-matri:::. formalism, on the relative magnitudes of the above two kinds of elementary cross sections. The scattering matrices of the nucleon-nucleon collisions which lead to the (jJ, jY') and (jJ, n) reaction may be written as follows.
s;y-]') or
Here the superfix (jJ-jJ) or (j.J-n) in (15 ·1), respectively, means that the relevant S-matrix is that for the collision of the incident proton with a proton or a neutron in the target nucleus, both contributing in the (j), j/) reaction. cp1 (0) and <.p{ (0) are the wave functions of the incident and the outgoing particle~ while rfia± (1) means the wave function o£ the single particle which occupies initial and final orbitals specified by the quantum numbers a. Tht:: suffices + and -mean that they describe protons and neutrons, respectively.
If one employes the impulse approximation, the T-matrix is given by
in terms of the free Lwo-nucleon scattering amplitudes. In the final version of (Hi) the first and the second terms describe, respectively, the charge non-exchange and the charge exchange scattering. h; and lr 1 are the momentum vectors of the incident and the outgoing particles. The meaning of the rest of the notation will be clear.
Inserting (16) into (15), the S-matrices are expressed as
Here sba(h), for example, is the Fourier transform of <Pa(r), while q=hj-ki IS the momentum transfer.
To get an idea about the relative magnitudes of various elementary cross sections, we make here the assumption that ¢a and ¢a, are the same for all the processes considered here. Then it is clearly seen from (17) that
The magnitudes of the T-matrices appearing in (17) may be inferred from the table prepared by Kerman et al. ~4 J Unfortunately, the lowest energy considered in this paper is 10 Mev, which is somewhat too high compared with the energy considered in the present paper. By assuming that there might not be a drastic difference in the behaviour of various quantities at 40 lVIev and 20-30 Mev, we use the result of Kerman et al. for 40 Mev. Neglecting further the last terms, i.e. the exchange terms in (17) , one gets the following result: (19) It is thus seen that all the clcnicntary cross sections arc more or less of the same order of magnitudes.* One might expect that ()CP-JJ) (f>, jY 1 ) is large compared with the others, because, as is seen in (18), S,Yl--]J) (jY, p') is the sum of two terms ssl-n) (jJ, j/) and sij (j>, n) . The reason that !T(p-p) (jJ, j./) is small, on the contrary, is that the contributions of SS'-n) (fJ, fJ 1 ) and Sif(p, n) to ssl-p) ( fJ, j./) are out of phase, i.e. they interfere destructively.
Finally, we would like to mention that what is meant by (18) is that, as may be seen easily by looking at (16) , the amplitude for the scattering of two protons is a sum of amplitudes with and without charge exchange. This consideration may have some connection with the suggestion by Brown/ 5 J although 1 ' We also made an estimation for the case in vvltich the exchange terms are included. The latter, i.e. the second terms of (17) , are evaluated lJy replacing the factor (T) by ib most probable value, and then taking out of the integral sign. It is found that the re:sult (19) is essentially Jnchanged. the exchange term considered by him is not the same as that considered here.*
The fact that all the three cross sections which appear in (19) have almost the same magnitude may justify the usc of ( 4) over that of (2) , and this result may be in accordance with the fact that we got somewhat better result in (14) than in (13) . 4 · 2 Excitation oj the collecti·ve state in the (jJ, p') and the (p, n) reactions Generalizing the argument of the preceding subsection, by taking into consideration the spin dependence of the T-matrix explicitly, the transition matrix element (fi~T(q)e-iq 1 • 11 li) may be expressed as 241 (forward scattering) c p and en of (22) are constants.
After the Bogoliubov transformation

28
> the operator AZ·n i.e. a part of (20) which has non-vanishing contribution to the matrix element between the ground state and the collective state (21) , is given as
Then the matrix element which we are seeking is obtained in the following very simplified form:
XJ) and ){n being defined by the final version of (24) .
The matrix element for the E2 transition is g1ven similarly as
eP and en meaning effective charge.
J
Comparison (24) with (25) shows that the (j>, p') reaction is enhanced just as the E2 transition is clone, and it is easily seen from the first version of (24) that this enhancement is caused because there appears a double summation over quasi-particle states and the terms which appear under the summation symbol all have the same sign.* Turning to the dis~ussion on the excitation cross section of the collective state due to the (jY, n) reaction, we have to note first that if the relevant collective state is to be a state in an even-even nucleus the initial nucleus had to be an odd-odd nucleus which is usually not realized. To make the discussion more realistic and at the same time definite, we shall here consider an odd nucleus as target and thus the final nucleus is also an odd-A nucleus. Then to make the comparison with the (jY, j/) reaction possible we further mention that an essentially similar discussion can be made for the cross section for the * This feature has been discussed sometime ago in the usual shell model language by Tamura D.nd Chouclhury, 11 l excitation of the core part of an odd-Jl nucleus as for the excitation of an even-even nucleus and thus some of the states m an odd-A nucleus can have large cross sections for the (p, t>') reaction.
H we assume that the initial nucleus is an odd-neutron nucleus, then usmg the similar notation as for the even nucleus, and denoting the mixing coefficients as L 1 and Fn the initial and the final state may be written as and ! /f/ ) __ { T?
" where ac 1
• and a./ arc the creation operators of the quasi-proton and the quasineutron, respectively. On the other hancl the operator which replaces (23) 
In (28) the first term originates from the first terms of p·i and lf/ 1 of (26) and its magnitude is just the single-particle value. The second and the third terms of (28) are the cross terms of the first and the second terms of 7fl,: and 7Jf 1 , and if the (p, j/) reaction were considered rather than the (p, n) reaction these terms should essentially be the same as (24), i.e. these are just the terms that explain the collective enhancement in the · (jY, j/) reaction. In the (jY, n) case the terms that appear under the summation symbol have no definite sign, and in addition the summation is only one-fold rather than two-fold as in (24) and thus these terms would in general be quite small compared with (24) , which means that no collective enhancement is expected. Tbe rest of the terms in (28) arc somewhat complicated, but because of the randomness of the signs of various terms in summation and because of the normalization con eli tion of lfli and 1 /!' 1 of (~6), it is easy to see that their magnitudes are at most of the order of the single-particle value.
It is thus seen that the collective excitation in the (p, n) reaction is very hard to realize.
The excitation of the collective states other than the 2 ~ with T=O state of even-even nucleus in (jJ, j/) reaction may be obtained as in (24) . Particularly, the cxci tation of To= 1 collective states would he caused as a coherent superposition of the collisions of protons with neutrons, and the cross section is expected to be large. Cohen and Priceu) suggested that these states may also be excited with large cross sections in the (i>, n) reactions, but it seems that a discussion similar to that following (28) can be applied here too and the cross section could not be very large.
So far tbe discussion has been limited to the reactions caused by the inpinging protons. It is experimentally known, however, tbat the collective states are strongly enhanced in the (d, d') reaction, for instance, and this fact was one of the main reasons that led Cohen to consider that the collective excitation is quite different from the single-particle one. It is, however, seen from experiments that the magnitude of the cross section for exciting a singleparticle state due to the (d, d') reaction is of the same order of magnitude as that due to the (jJ,, j/) reaction, and as the argument on the enhancement discussed in this subsection can equally well be applied to the (d, d') reaction, the strong excitation of the collective state in the (d, d') reaction can as well be explained as a superposition of the single-particle processes. In other words, what we shou-ld question is why the elementary cross sections are the same for the (d, d') and the (j>, j/) reactions, and not why the collective state is so much excited in the (d, d') reaction. § 5. Concl~uling rmnarks It has been shown that the idea that all the direct interactions are primarily caused by the nucleon-nucleon interaction is copsistcnt with all the data known at present, i.e. this idea explains the collective and the single-particle excitations In the process of the inelastic scattering, and also the (j>, n) reactirm.
In proving this fact, we had to use the magnitude of the cross sections of the elementary processes, which arc gathered from rather scarce experimental data, and thus we have been suffering from very poor statistics. T'his cross section is an intrinsically fluctuating quantity, but if more experimental data were supplied, a more reliable average value of the relevant quantities could be obtained, and the whole argument given in the present paper could. be based on a firmer foundation. It would thus be of interest to measure the absolute magnitude of the cross sections of the inelastic scattering which excites the known single-particle levels of nuclei like Ca 41 , K 30 and others. In spite of the crudeness of our estimation, and the various difficulties mentioned above, it is gratifying that \VC have already got an idea on the order of magnitude of ()sp. This quantity was estimated in § 2 in several different ways and it is found that we always get a value which is quite close to 1.0mb. This magnitude might thus be taken as a single-particle unit, and using this one 1nay define the enhancement or forbidden factor, just as Is clone for the electromagnetic transition probabilities.
Unfortunately, we do not have sufficient experimental data to get a corresponding knowledge for nuclei in the deformed region, and this is the reason why we excluded Th from the arguments of § 3. Experimental data on the integrated cross sections of Th for the (jJ, p') and (p, n) reactions show, however, that they are of the same order of magnitude as in other nuclei (PbBi and Cu), and this fact means that, if we consider that the amplitude to excite a Mayer-Jensen state is distributed among several Nilsson states which originated from the former, essentially the same argument as in § 3 could be applied to Th too. Here it is assumed that !fJ.-I,n is independent of the final state n, as the energy of the outgoing particle is assumed to be very large compared with the energy of excitation.
The amplitude of a single-particle excited state is distributed; as is seen from (A· 3), over a number of actual excited states n, but we make he~e an assumption that the range of JZ over which this distribution occurs is not too wide. Then one gets 
(A·7)
i This is the result we have aimed to obtain, i.e. the justification· of (6).
Of couse, there will be contributions from some single-particle states s":t, with the excitation energy Ri higher than L1Emn.v to the above summation, but at the same time, part of the contributions from the lower states with Ei < ilEma.v will be missed in the summation, and on the average these contributions will cancel out.
(A· 7) may be correct for the (j>, n) This expression justifies the use of (7) of the text. In (A· 8) E.,:S;l is considered to take into account the fact that the single-particle states with Ei ~ilEmax also partially contribute to the collective state, and so their contributions to the first term have to be reduced correspondingly. In this way the danger of counting the same thing twice is avoided. In case when ilEma.'l: is so large that the main contribution to the collective state comes from the states with Ri-::;JE.ma:u, there remains no reason to treat the collective state separately. In other wordes (A· 8) is reduced to (A· 7) and the integrated cross sections for the (p, p') and the (p, n) reaction may become of the same order of magnitude.
